Epidemiological studies have shown that dietary compounds have significant effects on prostate carcinogenesis. Among dietary agents, genistein, the major isoflavone in soybean, is of particular interest because high consumption of soy products has been associated with a low incidence of prostate cancer, suggesting a preventive role of genistein in prostate cancer. In spite of numerous studies to understand the effects of genistein on prostate cancer, the mechanisms of action have not been fully elucidated. We investigated the differences in methylation and gene expression levels of prostate specimens from a clinical trial of genistein supplementation prior to prostatectomy using Illumina HumanMethylation450 and Illumina HumanHT-12 v4 Expression BeadChip Microarrays. The present study was a randomized, placebo-controlled, double-blind clinical trial on Norwegian patients who received 30 mg genistein or placebo capsules daily for 3-6 weeks before prostatectomy. Gene expression changes were validated by quantitative PCR (qPCR). Whole genome methylation and expression profiling identified differentially methylated sites and expressed genes between placebo and genistein groups. Differentially regulated genes were involved in developmental processes, stem cell markers, proliferation and transcriptional regulation. Enrichment analysis suggested overall reduction in MYC activity and increased PTEN activity in genistein-treated patients. These findings highlight the effects of genistein on global changes in gene expression in prostate cancer and its effects on molecular pathways involved in prostate tumorigenesis.
Introduction
Prostate cancer is the most commonly diagnosed malignancy and the second leading cause of cancer death among men in the United States. It is estimated that approximately 180,890 new cases of prostate cancer and 26,120 deaths from prostate cancer occurred in the USA in 2016 (1) . The common risk factors for prostate cancer are age, race/ethnicity, geography, family history and lifestyle (2) . Depending on the severity of the disease, current treatment options for prostate cancer include single or a combination of therapies such as active surveillance, surgery, radiation therapy, chemotherapy, hormone therapy or vaccines (3) . Although these interventions have significantly improved the quality of life of the patients and the overall survival rates, effective treatment of prostate cancer is still limited due to the major challenges such as genetic heterogeneity, tumor recurrence (~30% of the cases) and resistance to conventional chemotherapeutic drugs (4) (5) (6) . Therefore, it is crucial to develop novel preventive and therapeutic strategies that have the potential to improve outcomes for prostate cancer patients.
Epidemiological studies have shown that there is a significant disparity in incidence and mortality rates of prostate cancer among different countries, with the highest rates in the USA and European countries and the lowest rates in Asian countries such as Japan and China (7, 8) . This wide variability in the prostate cancer rates across countries suggests that several factors including genetic, epigenetic and environmental differences play a key role in the etiology of the disease. Notably, it has been shown that Asian immigrants in the USA have an increased incidence of prostate cancer compared to those individuals with the same genetic background who live in Asia, indicating that environmental factors, especially the diet, are major determinants of prostate cancer incidence (9) . One of the remarkable dietary differences between Asian and Western countries is the amount of soy-based food consumption. Asian populations consume high quantities of soy food which is rich in isoflavones (~2 g of isoflavones per kg of fresh soybean) (10) . It has been shown that plasma and prostatic fluid concentrations of isoflavones in Asian men are 10 to 100 times higher than those in Western men, with particularly high levels of the isoflavone genistein (11, 12 ). An increasing body of population-based studies has demonstrated that high intake of soy isoflavones are associated with a 25-30% reduced risk of prostate cancer (13, 14) .
As the major biologically active isoflavone in the soy diet, genistein has been extensively investigated for its chemopreventive potential in various types of cancer, including prostate cancer. The average daily intake of genistein in Asian populations has been shown to be 20-80 mg whereas it is 1-3 mg in the USA, supporting the protective effects of genistein against prostate cancer in Asian men (15) . Genistein reaches plasma concentrations of 1-5 µM 6-8 h after intake of soyrich diet (11, 16) . The plasma half-life of genistein has been reported as 7.9 h in adults. In addition, concentrations of total soy isoflavones in prostate tissue have been shown ~6-fold higher than serum levels of isoflavones (17) . Safety and pharmacokinetic studies of soy isoflavones have demonstrated that minimal clinical toxicity was observed in healthy subjects administered with purified soy isoflavones at doses that exceed normal dietary intakes (18) .
due to its structural similarity to the steroid hormone 17β-estradiol, genistein binds to estrogen receptors, ER-α and ER-β, with a higher affinity to ER-β, and acts as a natural selective estrogen receptor modulator (16, 19, 20) . Genistein exerts its inhibitory effects on prostate cancer cells by upregulating the expression of ER-β, which has anti-proliferative and pro-apoptotic roles in prostate cells (21, 22) . In addition to its estrogenic activities, genistein regulates androgen receptor (AR)-mediated pathways in prostate cancer (23, 24) . Of note, it has been shown that the inhibitory effect of genistein on AR expression is also mediated by ER-β (25) . Several other molecular mechanisms underlying the preventive effects of genistein on prostate cancer include the inhibition of cell proliferation by inducing G1 and/or G2/M cell cycle arrest (26) (27) (28) , angiogenesis (29, 30) and metastasis (31) (32) (33) and induction of apoptosis (34, 35) . Genistein exerts its pleiotropic effects in the context of prostate cancer through modulation of several cell signal transduction pathways such as IGF-1 (36), TGF-β (37), Wnt/β-catenin (36), NF-κB (38), AkT and MAPk (39) signaling. This modulation could be by direct binding to nuclear receptors or modification of the phosphorylation state of signal transduction proteins. In addition, genistein inhibits tyrosine kinase activities (40) and shows antioxidant properties (41, 42) in prostate cells. Swami et al (43) demonstrated that genistein reduces prostate cancer progression by inhibiting prostaglandin synthesis and activity. Genistein has also been reported to have possible effects on DNA damage and repair in prostate cancer cells (42) . Moreover, genistein inhibits dNA methylation (44) (45) (46) (47) (48) and histone modifications (47, 48) and regulates miRNAs (49) (50) (51) (52) in prostate cancer. It is of interest that genistein has been shown to enhance the efficacy of radiotherapy and chemotherapy (53, 54) .
Although numerous in vitro and in vivo studies have been conducted to understand the protective effects of genistein against prostate cancer demonstrated by epidemiological studies, the molecular mechanisms that govern how genistein affects the pathogenesis of prostate cancer still remain elusive. It is noteworthy that a major challenge is the wide variability of the effects of genistein depending on the dose, the form of administration, or the timing and duration of exposure (55) . Despite the wealth of studies performed in human cell lines and animal models, only a few prospective randomized clinical trials have been conducted to examine the molecular effects of genistein on prostate cancer. In the present study, to the best of our knowledge for the first time, we investigated the effects of genistein intervention on global methylation and gene expression patterns in patients with localized prostate cancer, and identified novel targets that are differentially modulated by genistein supplementation, providing further mechanistic insights into the effects of genistein on prostate carcinogenesis. Genome-wide methylation profiling. Total dNA was isolated from frozen prostate tissues using DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. dNA was submitted to the Emory Integrated Genomics Core for DNA methylation analysis using Illumina HumanMethylation450 BeadChip Microarrays. Methylation data are available on GEO (accession number GSE84749).
Materials and methods

Subjects
Genome-wide expression profiling. Total RNA was extracted from frozen prostate tissues using the mirVana miRNA Isolation kit (Life Technologies, Grand Island, NY, USA), followed by RNA clean-up using the RNeasy Mini kit (Qiagen). Total RNA was submitted to the Emory Integrated Genomics Core for gene expression analysis using the Illumina HumanHT-12 v4 Expression BeadChip Microarray. Microarray data are available on GEO (accession number GSE84748).
Quantitative PCR (qPCR) analysis. RNA was reverse-transcribed into cDNA using iScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). Primers were designed using Primer3 tool. Sequences of the primers are listed in Table I . qPCR was performed using iQ SYBR-Green Supermix (Bio-Rad Laboratories) on a Bio-Rad iCycler according to the manufacturer's protocols. Human β-actin gene, which has been shown to be a valid reference gene for normalization of qPCR in human tissue samples of prostate cancer, was used as an internal control in the present study (57) . Normal prostate tissue sample was used as the calibrator. The relative changes in gene expression data were analyzed by the 2 -ΔΔCT method. Triplicates were run for each sample. Data are presented as the mean ± standard deviation.
Data analysis. Gene expression analysis was performed using GenePattern ComparativeMarkerSelection module (58) comparing genistein-treated tumors to placebo-treated tumors. Illumina Microarray data were filtered to include genes that were detected (P<0.05) in at least one experimental group to result in a dataset of 15918 genes for analysis. The comparative marker selection module of GenePattern was used to compute two-sided Student's t-tests between groups with 10,000 permutations to compute false discovery rates. The random seed used was 779948241. Hierarchical clustering was performed using Cluster software (59) and Java TreeView (60) . Methylation microarray analysis was performed in R using CpGassoc module in Bioconductor (61) . Data from the 450K probes was filtered to those in which the maximum -minimum β-value was >0.2 to result in 160K probes for differential methylation analysis. CpGassoc was used to identify 162 significant probes that were differentially methylated. Three probes were differentially methylated between genistein-treated tumor samples and placebo-treated tumor samples, three probes were significant between genistein-treated tumor samples and normal samples and 156 were significantly different between placebo-treated tumor samples and normal samples.
Statistical analysis. Mann-Whitney U test (two-tailed) was used to determine significant differences between two groups of data. P<0.05 was considered as statistically significant.
Results
Clinicopathological characteristics. We analyzed prostate tissue samples from a previous study, which was a randomized, placebo-controlled, double-blind Phase 2 clinical trial on Norwegian patients with localized prostate cancer who received 30 mg synthetic genistein or placebo capsules Table I . Sequences of the primers used in the quantitative PCR analysis.
Primer name
Primer sequence (5'→3') daily for 3-6 weeks before radical prostatectomy (56) . The clinical and pathological characteristics of the cases were previously described (56) . The availability of frozen tissue limited the sample size in this study and we investigated the DNA methylation and gene expression levels of prostate tumor samples from 10 patients who received genistein and 10 patients who received placebo. Four adjacent normal prostate tissue samples were also analyzed. Clinical data for the 20 patients analyzed here are provided in Table II . There were no statistically significant differences in age, levels of serum PSA and Gleason score between the two treatment groups.
Differential methylation in genistein-treated tissue compared with placebo-treated tissue.
The genome-wide dNA methylation profiles of a total of 24 prostate samples from tumor or normal tissues were generated using Illumina HumanMethylation450 BeadChip kit. Methylation status of each sample was analyzed for 485,577 sites, covering 21,231 genes. We compared the methylation profiles of genistein-treated tumor samples with placebo-treated cases. In general, methylation changes were modest, and there was no significantly differentially methylated gene after correction for multiple hypothesis testing. However, uncorrected P-values indicated that RBM28 and CYTSB genes were demethylated in genistein-treated tumor samples compared to placebo-treated samples. The lack of statistical significance was likely due to the small numbers of samples analyzed in this study. We did observe 156 probes with significantly increased methylation in placebo-treated tumor tissues vs. normal tissues that were not significant between genistein-treated tumor tissues and normal tissues, suggesting that genistein may have had some demethylation effects (available upon request). These 156 probes corresponded to at least 92 separate genes including ADCY4, ALOX12, HAAO, LRRC4, NEU1, RAPGEFL1 and WNT7B (Table III) .
Gene expression profiling changes after genistein treatment.
To identify molecular effects of genistein on mRNA levels in prostate cancer, we compared gene expression profiles of genistein-treated tumors with placebo-treated samples. Once again, there were no differentially expressed probes that remained statistically significant after correction for multiple hypothesis testing. However, there were 628 probes that reached nominally significant P-values (available upon request). Hierarchial clustering of this dataset showed strong segregation of patients with and without genistein treatment (Fig. 1 ). The genes with nominally significant P-values included NOTCH3, JAG1, CKS2, HIF1A, CDK6, MYC, CD24, AMACR, MMP26 and SPP1 genes (Table IV) . NEU1 and ADCY4 did not reach nominal significance but had a trend towards significance, and integration of the methylation data with the paired gene expression profiling data indicated decreased methylation status and increased expression levels of ADCY4 and NEU1 genes in genistein-treated cases.
Validation of microarray data. We investigated the expression levels of 12 selected genes (Table IV) in all 24 samples analyzed by microarrays using qPCR, and observed that microarray data were correlated with qPCR results (Fig. 2) . The increase in the qPCR expression levels of NOTCH3 and JAG1 genes in genistein-treated tumors compared to placebo-treated tumors were statistically significant by Mann-Whitney U test.
Enrichment analysis.
We performed gene enrichment analysis on the 628 nominally significant probes that were differentially expressed between genistein and placebo samples (Table V) using Ingenuity Pathway Analysis (62) and the DAVID Knowledgebase (63). P-value indicates hypergeometric distribution P-values of overlap for gene sets and functional categories. FDR indicates false discovery rate corrected P-values of overlap. Activation z-score is an indication of the consistency of up and downregulated members of a gene set such as a biological function (top table) or targets of an upstream regulator (middle table) . Activation z-scores >2 or <-2 are statistically significant for consistency of activation or inhibition. Molecules indicate the number of molecules in the set of 628 analyzed probes that overlap with a given category. Mechanistic network indicates the total number of target genes of an upstream regulator, and the number of overlapping genes is indicated in parentheses. We observed enrichment for terms associated with angiogenesis, apoptosis, epithelial to mesenchymal transition, tumor progression and PDGF binding. Analysis of potential upstream regulators by IPA analysis suggested that PTEN and PdGF were activated, while MYC, β-estradiol, glucocorticoid receptor NR3C1 and interferon-γ were repressed in response to genistein treatment.
Discussion
To the best of our knowledge, the present study is the first highlighting the effects of genistein on global changes in DNA Table IV . Genes with differential gene expression analyzed by qPCR.
Gene expression fold-change methylation and gene expression in patients from a clinical trial of genistein in prostate cancer. Integrative analysis of whole genome methylation and expression profiling identified a number of candidate differentially methylated sites and expressed sites between placebo and genistein groups. However, the differences between placebo and genistein groups were not statistically significant after correction for multiple hypothesis testing, possibly due to the small number of the cases in this study. Although the genistein-induced alterations are not significant, these results may help to elucidate the molecular mechanisms underlying the activities of genistein in prostate cancer. Genome-wide dNA methylation arrays showed that a number of genes, including RBM28 and CYTSB, appeared to be demethylated in the genistein-treated tumor samples compared to the samples in the placebo group. However, we did not observe any alterations in the expression levels of these genes. Among the differentially expressed genes identified by microarray analysis were CKS2, NOTCH3, HIF1A, CDK6, JAG1, NEU1, ADCY4, MYC, CD24, AMACR, MMP26 and SPP1. Microarray data were confirmed by qPCR analysis of these genes. Other genes with nominal significance by microarray but not tested by qPCR included ZNF639, CRIM1, PGC and USP54 (available upon request).
It is of interest to note that DNA methylation status was inversely correlated with gene expression for the NEU1 and ADCY4 genes, which had decreased methylation, and increased mRNA expression in the genistein group in comparison with placebo group. Our finding showing the potential of genistein for DNA demethylation is consistent with the previously reported data that suggest genistein acts as a dNMT inhibitor, thereby causing the demethylation of CpG islands in the promoters of genes. For example, genistein has been shown to reactivate the hypermethylated-silenced tumor suppressor genes, including p16INK4a, retinoic acid receptor β (RARβ) and O6-methylguanine methyltransferase (MGMT), in prostate and esophageal cancer cells (46) . Moreover, genistein has been implicated in demethylation of WNT5a promoter in colon cancer cells (64) . One of the genes shown to be demethylated by genistein in the present study is AdCY4, which is a member of the family of adenylate cyclases, the membrane-bound enzymes that catalyze formation of the secondary messenger cyclic adenosine monophosphate (cAMP) (65) . Consistent with our finding, it has been recently shown that ADCY4 is a DNA methylation marker representing early epigenetic events in prostate tumorigenesis, supporting our hypothesis that genistein may reverse the pattern of DNA methylation in ADCY4 in prostate cancer (66) . The other gene that was modulated by genistein intervention in the present study was NEU1, which is a lysosomal sialidase involved in glycoconjugate catabolism and cellular signaling, including immune responses and elastin (67) . In fact, NEU1 is critical for desialylation of integrin β4 and inhibition of FAK, leading to suppression of liver metastases in colon cancer (68) . kato et al (69) has reported that NEU1 overexpression resulted in suppression of lung metastasis in melanoma. In addition, suppression of NEU1 by miR-125b has been shown to promote migration, invasion and metastasis in gastric cancers (70) . However, NEU1 can also have pro-metastatic effects in pancreatic and ovarian cancers (71) , and thus it is not entirely clear what the overall impact of increased NEU1 levels might be in prostate cancer. Therefore, it is important to examine the NEU1 expression changes at the protein level, and molecular and cellular studies are required to assess the functional consequences of changes induced by NEU1 upregulation in prostate cancer cells. Among the differentially expressed genes that were validated by qPCR, only the expression of NOTCH3 and JAG1 mRNAs were significantly higher in the genistein group compared to the placebo group by qPCR. Based on our findings at mRNA level without any confirmation at the protein or functional level, it would be speculative to suggest that Notch signaling may play a role in the mechanism of action of genistein on prostate cancer. NOTCH3 is important for TGFβ-induced EMT in prostate cancer (72) , and is induced by hypoxia and contributes to prostate cancer progression (73) . The Notch ligand JAG1 is also associated with more aggressive prostate cancer (74, 75) , EMT and angiogenesis (76) . However, a tumor suppressive role of Notch signaling has also been reported in hypoxia-induced neuroendocrine differentiation of prostate cancer cells as well as in other cancer types including bladder cancer, hematological malignancies, glioma, thyroid carcinoma and lung cancer (77) (78) (79) (80) (81) (82) , indicating the possibility that increased NOTCH3/JAG1 expression by genistein treatment may improve outcomes through its tumor suppressor function. Our data suggest that further studies to delineate the effect of genistein on the Notch signaling pathway in prostate cancer may be warranted.
Enrichment analyses of mRNA changes induced by genistein indicated that subtle changes in gene expression observed between genistein and placebo samples are consistent with many previously reported effects of genistein on critical tumor pathways including PTEN, PdGF, MYC, β-estradiol, glucocorticoid receptor and interferon-γ (41, (83) (84) (85) (86) (87) (88) (89) . Genistein appeared to promote PTEN activity and inhibit MYC activity, consistent with its potential utility in improving outcomes in prostate cancer.
In summary, our results indicate that genistein intervention induces modulation of several genes, including NOTCH3, JAG1, ADCY4 and NEU1, suggesting that these genes may have the potential to be novel molecular targets of genistein in prostate cancer. These genes are involved in many critical biological processes including cell cycle, angiogenesis, cellular immune response and intracellular signal transduction, providing additional insight into the multiple molecular pathways involved in prostate tumorigenesis. However, further mechanistic studies are required to investigate the effects of genistein on the regulation of the expression of these genes at the protein level and cellular functions. These findings may then contribute towards designing novel strategies for prevention and treatment of prostate cancer. One caveat of gene expression profiling studies is the incapability of identification of mechanisms of action that are modulated at post-transcriptional level, suggesting the possibility that genistein may alter additional cellular processes. Another point that needs to be made is timing and duration of exposure to genistein. Case control studies have demonstrated that high consumption of soy early in life (during childhood and/or adolescence) is associated with 25-60% reductions in breast cancer risk (90, 91) . Similarly, high soy intake at puberty, the period during which prostate undergoes androgen-induced growth, might be more effective in prevention of prostate cancer. A limitation of the present study is the small number of patient samples. Further large randomized controlled clinical trials would provide more definitive results of the effects of genistein on patient prostate tissues.
